Iron-nickel based ultra-high strength steel (wt. 18~20% Ni) is characterized by its high strength and low thermal conductivity, and is normally used to make key components by forming and machining processes. The optimization of these processes is based on a deep understanding of the mechanical and dynamic behaviors under high strain, high strain rate, and high temperature. In this paper, the relationship of stress to strain, strain rate, and temperature is systematically investigated by the dynamic compression tests combined with quasi-static compression tests, and the hardening and softening is associated with the transformation in microstructures. According to the analysis, dynamic recrystallization around 600 • C is assumed to be one important influencing factor, hence hot deformation equations are established and the critical strain for dynamic recrystallization and the volume fraction of the dynamic recrystallized grains are defined.
Introduction
Iron-nickel based ultra-high strength steel (wt. 18~20% Ni) is a kind of low carbon Fe-Ni martensite steel with inter-metallic compound precipitated and hardened by aging treatment. It is used in a wide variety of applications in transportation industries owing to its unique comprehensive mechanical properties, i.e., ultra-high strength up to 2.2 GPa, good plasticity and toughness, high hardness, excellent fatigue resistance and low crack propagation rate [1] [2] [3] [4] . While due to the high nickel content, it has very low thermal conductivity. Therefore, the machining of parts in the production is very difficult and often accompanied by high cutting force, high temperature, serious tool wear, and dangerous long chips.
In general, the performance of key components is determined by the surface and sub-layer, which is normally formed from the machining processes. In many cases, the mechanical behavior of the surface and sub-layer is strongly sensitive to the machining processing parameters, and sometimes this strong sensitivity may result from solid-state phase transformation, dynamic recrystallization, and recovery. In order to explore the mechanical response of materials and the change of the microstructure 
The Quasi-Static Compression Test
Quasi-static compression tests are carried out with a CRIMS electronic universal testing machine DNS-100. And in these tests, Φ2 mm × 2 mm cylindrical samples are individually compressed at room temperature and three different strain rates of 0.01, 0.001, and 0.0001 s −1 . Each sample is compressed to 50%. The tests under each condition are repeated at least three times. Then the samples from the tests are polished with sandpapers and aluminum oxide suspension, and etched with electrolysis corrosion of 10% Cr2O3 water solution. The microstructures at the center are examined by a Leica DMI5000M Inverted metallographic microscope (Leica, Wetzlar, Germany).
Dynamic Compression Test
Dynamic behavior of iron-nickel based ultra-high strength steel at the temperature ranging from 25 °C to 1200 °C and strain rates from 10 3 s −1 to 10 4 s −1 is investigated by SHPB tests invented by H. Kolsky [17] . The SHPB device (Northwestern Polytechnical University, China) is equipped with a temperature-controlling system developed by Li et al. [18] , as shown in Figure 2 . And the stressstrain response is correlated with temperature and strain rates [19] . The SHPB test was conducted at Northwestern Polytechnical University.
Two sample sizes are used in the SHPB tests, Φ4 mm × 4 mm cylindrical samples for lower strain rates of 500 s −1 , 1000 s −1 and 2000 s −1 , while Φ2 mm × 2 mm ones for higher strain rate of 4000 s −1 , 7000 s −1 and 10,000 s −1 . The reduction in the sample size aims to obtain higher strain rates. Before tests, the sample is heated separately in a heater, i.e., a heating furnace. The sample temperature is monitored by a thermocouple. At the expected temperature, the sample is kept warm for a certain time, usually 3 min. Then the transmitted bar is pushed forward until the sample is fully in contact with the incident and transmission bars. In the test, the sample is sandwiched between the two loading bars as shown in Figure 2 , and then the incident and transmitted bars are driven by a launching device of compression gas gun to impact the sample simultaneously. And lubricant MoS2 is used to reduce the friction. According to the analysis on the incident, reflection and transmission waves, and the deformation of the sample is in consistence with the uniformity hypothesis on the stress distribution. All the tests are repeated at least three times. In the same way as mentioned in Section 2.2, the microstructure of the samples is analyzed. 
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Static and Dynamic Behavior

Static Behaviors vs. Strain Rate
The true stress-strain curves in Figure 3 are derived from the quasi-static compression tests at room temperature. The yield stress of iron-nickel based ultra-high strength steel is around 1800 MPa, and there is no obvious strain hardening or softening phenomenon. The strength is not sensitive to the strain rate in the quasi-static compression tests. 
Dynamic Behaviors vs. Strain Rate
The effect of temperature on mechanical behaviors becomes complicated when it is coupled with strain rate. But in the SHPB tests, the strain rate hardening effect is witnessed. As shown in Figure 4 , in both the low strain rate range from 500 s −1 to 2000 s −1 and the high strain rate range from 4000 s −1 to10,000 s −1 , the yield stress increases with the strain rate. While, when the wide range of strain rates from 500 s −1 to 10,000 s −1 is examined, the yield stresses in the low strain rate range are relatively higher than those in the high strain rate range. It is assumed that this is mainly caused by the 
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Dynamic Behaviors vs. Strain Rate
The effect of temperature on mechanical behaviors becomes complicated when it is coupled with strain rate. But in the SHPB tests, the strain rate hardening effect is witnessed. As shown in Figure 4 , in both the low strain rate range from 500 s −1 to 2000 s −1 and the high strain rate range from 4000 s −1 to10,000 s −1 , the yield stress increases with the strain rate. While, when the wide range of strain rates from 500 s −1 to 10,000 s −1 is examined, the yield stresses in the low strain rate range are relatively higher than those in the high strain rate range. It is assumed that this is mainly caused by the difference in the sample size. The sample size is reduced from Φ4 mm × 4 mm for low strain rate range to Φ2 mm × 2 mm for high strain rate range, so called size effect works [20] [21] [22] .
Metallographic analysis shows that the microstructure of the samples has no obvious change and remains lath martensites. It indicates that at temperature 25 • C the deformation rate has no significant effect on the microstructure.
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Dynamic Behaviors vs. Temperature
According to Figure 9 , at a single strain rate, the stress-strain curve softened at 600 °C and hardened at 800 °C and above. Temperature has great effects on the dynamic behaviors of iron-nickel based ultra-high strength steel. Firstly, due to the thermal-softening effect, the flow stress decreases with the increase in temperature and improved material plasticity is demonstrated by the increased deformation at failure. Secondly, the varying tendency of the stress-strain curves from 300 °C to 800 °C shows that the dynamic behaviors experience change from strain-softening to strain-hardening. At 1200 • C, the true stress-strain curves in Figure 8a show obvious steady strain-rate and strain hardening, which are similar to those in Figure 7a . But the microstructures becomes different, and reconstituted and deformed grains [23] [24] [25] [26] [27] with low-yield strength twin austenite is formed in Figure 8b At 1200 °C, the true stress-strain curves in Figure 8a show obvious steady strain-rate and strain hardening, which are similar to those in Figure 7a . But the microstructures becomes different, and reconstituted and deformed grains [23] [24] [25] [26] [27] with low-yield strength twin austenite is formed in Figure  8b 
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According to Figure 9 , at a single strain rate, the stress-strain curve softened at 600 • C and hardened at 800 • C and above. Temperature has great effects on the dynamic behaviors of iron-nickel based ultra-high strength steel. Firstly, due to the thermal-softening effect, the flow stress decreases with the increase in temperature and improved material plasticity is demonstrated by the increased Metals 2020, 10, 62 9 of 14 deformation at failure. Secondly, the varying tendency of the stress-strain curves from 300 • C to 800 • C shows that the dynamic behaviors experience change from strain-softening to strain-hardening. But above 800 • C, the stress-strain curves show a similar tendency of slight strain-hardening. Thirdly, although the yield stress decreases with the increase in temperature, the yield strength shows different temperature sensitivity: combining with the Figures 6-8 , a strong temperature sensitivity is witnessed around 600 • C because of dynamic recrystallization, while a weak temperature sensitivity at the deformation temperature much higher than 800 • C or lower than 300 • C.
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Microhardness vs. Temperature and Strain Rate
The Wechsler microhardness is examined with a Tukon 2500 Vickers (Wilson, Chicago, IL, USA) microhardness tester at the Central Iron & Steel Research Institute. Each specimen is measured 5 times and takes the average. The standard deviation of the microhardness change is between 2.21 and 6.40. The original sample is 597 HV0.02. The microhardness of the sample is sensitive to the test temperature. With the increase of the SHPB test temperature, the microhardness of the sample decreases gradually. In Figure 10 , the microhardness at 7000 s −1 drops from 583 HV0.02 at 300 °C to 357 HV0.02 at 800 °C. At the same deformation temperature, the microhardness of the sample increases at the strain rate of 8000, and there is no obvious change at other strain rate.
According to the analysis on microhardness combined with the metallographic analysis in Section 3.2, the temperature around 600 °C may be a cut-off temperature point. Below 600 °C, the material is composed of large size tempered martensite grains with obvious grain boundary and the microhardness remains above 500 HV0.02. At 800 °C, although the metallurgical structures are still tempered martensite, the grain boundary become blurred and disappeared, and the Wechsler microhardness drops sharply to below 357 HV0.02. At 1200 °C, the metallurgical structures are twin austenite and the Wechsler microhardness drops to around 330 HV0.02. 
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According to the analysis on microhardness combined with the metallographic analysis in Section 3.2, the temperature around 600 • C may be a cut-off temperature point. Below 600 • C, the material is composed of large size tempered martensite grains with obvious grain boundary and the microhardness remains above 500 HV0.02. At 800 • C, although the metallurgical structures are still tempered martensite, the grain boundary become blurred and disappeared, and the Wechsler microhardness drops sharply to below 357 HV0.02. At 1200 • C, the metallurgical structures are twin austenite and the Wechsler microhardness drops to around 330 HV0.02.
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Dynamic Recrystallization: Action Mechanism of Dynamic Behavior
In recent years, it is found that continuous dynamic recrystallization (CDRX) in the thermal deformation is not achieved by nucleation and growth of new grains like static recrystallization, but is formed by breaking the matrix grains, generating low angle grain boundaries by a large number of dislocations, gradually converting to high angle grain boundaries and forming the recrystallized grains [28] [29] [30] [31] [32] [33] . Since the dynamic recrystallization process is realized directly through the movement of dislocation instead of nucleation of recrystallized grains, CDRX is able to proceed at a high speed.
The material mechanical behavior in hot deformation is decided by two mechanisms. On one hand, the increase in strain leads to the increase in strength, On the other hand, when the strain accumulation reaches a certain level, CDRX will take place and lead to the change of the microstructure, the reduction in the strength, and then cause the change of the macroscopic mechanical behavior.
Hot Deformation Equation
In plastic deformation, the deformation activation energy is an important physical quantity indicating the degree of deformation difficulty. The higher the deformation activation energy is, the larger the deformation energy barrier is, the more difficult the diffusion of metal atoms and the migration of grain boundaries will become, which is easily to lead to dynamic recrystallization.
In order to reveal the influence of temperature and strain rate on dynamic recrystallization, the Zener-Hollomon parameter is usually defined by Equation (1) [34] .
= exp
(1)
where is the strain rate (s −1 ), is the activation energy (kJ·mol −1 ), is the thermodynamic parameter (8.314 mol/K), is the temperature (K).
According to the studies from Ref. [35] [36] [37] , the relationship between the flow stress and the strain rate at low stress can be described by the exponential function of Equation (2) , and at high stress by the power exponential function of Equation (3) . Equations (2) and (3) can be unified into Equation (4).
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Dynamic Recrystallization: Action Mechanism of Dynamic Behavior
Hot Deformation Equation
In plastic deformation, the deformation activation energy Q is an important physical quantity indicating the degree of deformation difficulty. The higher the deformation activation energy is, the larger the deformation energy barrier is, the more difficult the diffusion of metal atoms and the migration of grain boundaries will become, which is easily to lead to dynamic recrystallization.
ε is the strain rate (s −1 ), Q is the activation energy (kJ·mol −1 ), R is the thermodynamic parameter (8.314 mol/K), T is the temperature (K).
According to the studies from Ref. [35] [36] [37] , the relationship between the flow stress and the strain rate at low stress can be described by the exponential function of Equation (2) , and at high stress by the power exponential function of Equation (3) . Equations (2) and (3) can be unified into Equation (4) .
.
where σ is flow stress, A 1 , A 2 , A 3 , h, n 1 , n 2 , n 3 are material-dependent coefficients, and α = n 2 n 1 is a temperature-independent constant.
By taking the logarithm form of Equations (2)-(4), the relationship of peak stress to the strain rate is expressed as Equations (5)- (7) .
The flow stress peaks σ p and strain rates at different temperatures are fitted linearly to get the lines of ln . ε − ln σ p , ln . ε − σ p and ln . ε − ln sin h ασ p respectively. Based on the average slopes of these lines, the constants and coefficients are obtained as n 1 = 11.50, n 2 = 0.024, α = n 2 n 1 = 0.0021 and n 3 = 7.48. Then the Zener-Hollomon parameter is expressed as Equation (8).
In Equation (7), as the strain rate keeps constant, ln sin hασ p and 1/T are in linear relationship and can be written as Equation (9).
As a result, the dynamic recrystallization activation energy of 18Ni martensitic steel Q = 206 kJ/mol is defined by fitting the SHPB test data. Then the Zener-Hollomon parameter can be expressed as Equation (10).
ε exp 206 × 10 3 8.314T (10)
Critical Strain for Dynamic Recrystallization
Dynamic recrystallization occurs when the strain reaches a critical value ε c . The critical strain value varies with the temperature and strain rate and is related to ε p , i.e., ε c = 0.83ε p [38, 39] .
where k and n are coefficients. By fitting the experimental data, they are defined as k = 9.07 × 10 −5 and n = 0.2807. Accordingly the critical strain is defined as Equation (12). ε c = 9.07 × 10 −5 Z 0.2807 (12) Therefore, according to Figure 11 , the critical strain value increases with increasing strain rate and has a cliff decrease at temperature 79.6 • C and is not affected anymore above 79.6 • C. 
Microstructure Model
The volume fraction of the dynamic recrystallized grains can be calculated by Equation (13) [40]:
where is instantaneous recovery flow stress (MPa); is steady state recovery rheological stress (MPa); is instantaneous dynamic recrystallization flow stress (MPa); is steady state dynamic recrystallization flow stress (MPa). Based on Avrami dynamic recrystallization kinematics equation, the dynamic recrystallization fraction of 18Ni martensitic steel can be defined by Equation (14).
where is the material constant and is the Avrami's constant. Equation (15) is obtained by linear fitting Equation (14) .
Obviously, the rate of dynamic recrystallization increases with increasing strain rate. This is in consistent with the analysis on microstructure of the samples in mechanics deformation.
Conclusions
The mechanical and dynamic behaviors of iron-nickel based ultra-high strength steel in hot deformation are strongly correlated with strain, strain rate and temperature. In this paper, the relationship of stress to strain, strain rate, and temperature is systematically investigated by the dynamic compression tests combined with quasi-static compression tests, and the underlying mechanisms are discovered.
(1) Dynamic behavior of iron-nickel based ultra-high strength steel is a product of the combined actions of rate-hardening, thermal softening, and stain-hardening. The rate-hardening effect is witnessed at all deformation temperature, while stain-hardening is often synchronized with thermal softening and the dynamic behavior is a result of their competition and becomes much more complicated by the dynamic recrystallization.
(2) According to the analysis, the dynamic behavior at different deformation temperature is characterized by: equilibrium of thermal softening and strain hardening at 25 °C, thermal softening overcoming strain hardening at 300 °C, strain softening due to dynamic recrystallization at 600 °C, strain hardening with obscured grain boundaries at 800 °C, and strain hardening with formation of Figure 11 . Critical strain with different strain rate and temperature.
Microstructure Model
The volume fraction of the dynamic recrystallized grains X D can be calculated by Equation (13) [40]:
where σ WH is instantaneous recovery flow stress (MPa); σ S is steady state recovery rheological stress (MPa); σ is instantaneous dynamic recrystallization flow stress (MPa); σ SS is steady state dynamic recrystallization flow stress (MPa). Based on Avrami dynamic recrystallization kinematics equation, the dynamic recrystallization fraction of 18Ni martensitic steel can be defined by Equation (14).
where k d is the material constant and n d is the Avrami's constant. Equation (15) is obtained by linear fitting Equation (14) .
Obviously, the rate of dynamic recrystallization X D increases with increasing strain rate. This is in consistent with the analysis on microstructure of the samples in mechanics deformation.
Conclusions
(2) According to the analysis, the dynamic behavior at different deformation temperature is characterized by: equilibrium of thermal softening and strain hardening at 25 • C, thermal softening overcoming strain hardening at 300 • C, strain softening due to dynamic recrystallization at 600 • C, strain hardening with obscured grain boundaries at 800 • C, and strain hardening with formation of austenitic twins at 1200 • C. In the meanwhile, the microhardness always decreases with the increase in deformation temperature and increases with strain rate.
(3) According to the analysis on the stress-strain relationship, it is assumed that the dynamic recrystallization takes place around 600 • C. After the dynamic recrystallization activation energy of 18Ni martensitic steel Q = 206.207 kJ/mol is defined by fitting the SHPB test data, the expression equation of Zener-Hollomon parameter is obtained. Then the critical strain for dynamic recrystallization is deduced as ε c = 9.07 × 10 −5 Z 0.2807 and the volume fraction of the dynamic recrystallized grains as 
